High-yielding bioenergy crops remove large quantities of soil nutrients. Nutrients must be replenished in a manner that minimizes production costs and negative environmental impact. Class A municipal biosolids (MBS) were evaluated as an alternative nutrient source to inorganic fertilizer for 'Merkeron' and Chinese Cross elephantgrasses (Pennisetum purpureum Schum.) in a 2-yr fi eld experiment in Florida. Elephantgrass plots received 0, 33, 67, or 100% of total N applied (350 kg ha -1 yr -1 ) from MBS, with the remainder from NH 4 NO 3 . Dry matter (DM) yield, tissue N and P concentrations and removal, and soil C and P concentrations were assessed. Elephantgrass yield decreased linearly from 24.2 to 20.1 (Merkeron) and 24.3 to 16.9 Mg ha -1 (Chinese Cross) as the percentage of N supplied by MBS increased from 0 to 100. Nitrogen removal decreased from 208 to 127 kg ha -1 yr -1 over the same range of N from MBS. Phosphorus removal ranged from 28 to 43 kg ha -1 yr -1 , but the eff ect of N source was not consistent. Th ere was no eff ect of percentage of N from MBS treatment on soil responses including water-extractable (WEP), Mehlich-1, or total P, nor was there an eff ect on total C concentration in the Ap horizon. Replacing 33% of N from inorganic fertilizer with N from MBS reduced elephantgrass biomass production 0 to 11%, so there is potential benefi t to including MBS in a fertilization program for bioenergy crops, even in situations where MBS are limited to P-based application rates.
L arge-scale dependence on expensive fossil fuels as an energy source and the documented increasing concentration of atmospheric CO 2 (Longinelli et al., 2005) have stimulated research to identify other sources of energy. Biomass from plants is one alternative. Because of their C 4 carbon fi xation pathway, tropical grasses like elephantgrass are widely recognized for their biomass production potential. Elephantgrass is native to tropical Africa and was introduced to the United States in 1913 (Th ompson, 1919) . Research initiatives to identify herbaceous plants with the highest biomass yields for renewable energy purposes have consistently found elephantgrass to have the highest or near the highest DM production across the southeastern United States. Yields of 20 to 48 Mg ha -1 yr -1 have been reported in the region (Woodard and Prine, 1993; Bouton, 2003; Woodard and Sollenberger, 2008) .
Plant biomass production is aff ected by soil nutrient quantity and availability. High-yielding bioenergy crops remove relatively large amounts of nutrients at harvest. Nutrient replenishment must occur in a manner that minimizes environmental impact and production costs. Land application of MBS represents an alternative to inorganic fertilizers for providing nutrients for biomass crops. Typical concentrations of total N and P in MBS can range from 35 to 68 g kg -1 and 18 to 39 g kg -1 , respectively (USEPA, 1999) . Like many other organic sources of nutrients, when MBS are applied at an N-based rate there is potential for overapplication of P, due to narrower N/P ratio in MBS vs. plant requirements. Accumulation of soil P above concentrations needed for optimum crop yield and associated water quality impairment leading to eutrophication have caused some states to adopt policies and laws aimed at reducing P losses to surface waters from agricultural land (Schober and Sims, 2003; Sharpley et al., 2003) . In some cases, MBS are limited to P-based application rates.
If municipal biosolids are to play an important role in fertilization of energy crops, information is needed on their ability to support crop growth without causing soil P accumulation to levels that have negative environmental consequences. Th us, the objectives of this experiment were to (i) quantify DM production, tissue N and P concentration, and N and P removal by elephantgrass when diff erent proportions of total N were supplied by MBS and NH 4 NO 3 fertilizer and (ii) measure changes in total soil C and P concentrations when MBS were applied as a nutrient source. Th e experiment was conducted during 2007 and 2008 at  the Range Cattle Research and Education Center at Ona, FL (27º26´ N, 81º55´W) . Th e soil at the experimental site was classifi ed as Ona sand (sandy, siliceous, hyperthermic Typic Alaquods). Initial soil characterization of the Ap horizon (to a depth of 20 cm) showed an average soil pH of 6.0 and Mehlich-1 extractable P, K, Mg, and Ca of 10, 42, 230, and 1510 mg kg -1 , respectively. Annual rainfall during 2007 and 2008 was 1006 and 1141 mm compared to the 30-yr average of 1392 mm.
MATERIALS AND METHODS

Experimental Site
Treatments and Design
Th e grasses used were part of an experiment established originally during the early 1990s. Six elephantgrass entries were arranged in a four replicates of a randomized block design in that study. Of those six entries, Merkeron and Chinese Cross elephantgrass were chosen for inclusion in the current study because their stands were most complete and most uniform. Chinese Cross is an elephantgrass of unknown origin, and to our knowledge it has not been released by this or another name. Merkeron was released as a cultivar in 1989 (Burton, 1989) .
Chinese Cross was planted in the northern-most plot of each block of the original study suggesting that it was added some time aft er the other entries were planted. Th is led to the decision that for the current study Merkeron and Chinese Cross data would be analyzed separately, and entry means were not compared.
In the original study, each plot (experimental unit) was 9 by 16 m. For the current study, these 9-by 16-m plots served as a block and were divided to contain four, 4 by 4 m experimental units with a 1-m alley between them. Th e treatment imposed was proportion of total N applied that was from MBS. Levels of the treatment factor were 0, 33, 67, and 100% of total N from MBS (hereaft er the treatment is referred to as % MBS), and they were arranged in four replicates of a randomized block design. Th e remainder of N was from NH 4 NO 3 fertilizer (340 g N kg -1 ). Th e MBS and fertilizer were surface-applied, to supply a total annual rate of 350 kg N ha -1 yr -1 . One-half was applied at the beginning of the growing season and the other half aft er the fi rst harvest of each year. Application dates were 20 May and 3 Aug. Proportions and total amounts of MBS and N fertilizer applied were chosen based on earlier work (Woodard and Prine, 1991) and bracketed the range of expected P removal by the crop. Expected P removal of elephantgrass herbage was 40 to 60 kg ha -1 yr -1 (Vicente-Chandler et al., 1959; Sanchez, 1976; Boonman, 1993) . Th e 33, 67, and 100% MBS treatments supplied 39, 79, and 118 kg P ha -1 yr -1 in 2007, and 47, 95, and 142 kg P ha -1 yr -1 in 2008, respectively. Th e 0% MBS (all N supplied from NH 4 NO 3 ) plots received 60 kg P ha -1 yr -1 from triple superphosphate (201 g P kg -1 ) each year; an amount intermediate between the total amount of P supplied by the 33 and 67% MBS treatments. In addition, all treatments received 145 kg K ha -1 yr -1 from a potassium-magnesium sulfate source "Sul-Po-Mag" (183 g K kg -1 , 220 g S kg -1 , and 110 g Mg kg -1 ); half was applied at each date when MBS and NH 4 NO 3 fertilizer application occurred.
Th e MBS material was the result of blending anaerobically digested sludge and undigested waste-activated sludge. Th e mixture was fed to a belt press and ultimately sent to an indirect drier system and dried to an average 950 g DM kg -1 product (Hicks et al., 2007) . Th e heat drying (150-200ºC) serves to further reduce pathogens (USEPA, 1995) , and the resulting Class A biosolids is marketed as a slow-release soil amendment. Th e quantity of material required at each treatment application date was collected separately from four diff erent batches obtained from the municipality (two per year). Two composite subsamples from each batch were analyzed before application of treatments in the fi eld (Table 1) .
Response Variables
Dry matter yield was measured two times per year in each plot by harvesting all tillers within a 3-by 1.5-m quadrat to a 10-cm stubble height. Following removal of the yield sample, the remainder of the plot was clipped to a 10-cm stubble. Harvests occurred on 26 July and 27 Nov. 2007, and 24 July and 21 Nov. 2008 . A bushwacker was used to cut elephantgrass tillers. Th e material was collected and weighed fresh in the fi eld. A subsample of representative tillers was weighed fresh and dried at 60ºC until constant weight to determine DM concentration and calculate DM yield.
Dried subsamples were ground fi rst in a hammer mill and then through a Wiley mill (1-mm screen) before laboratory analyses. Total N and P concentrations in the tissue were determined using a micro-Kjeldahl method, a modifi cation of the aluminum block digestion procedure (Gallaher et al., 1975) , followed by semi-automated colorimetric determination NO 3 -N 37 ± 0.6 9 ± 0.3 37 ± 0.6 28 ± 0.5 WEP § § 37 ± 2.6 186 ± 2.9 30 ± 0.5 64 ± 2.4 † Data are means and standard deviations of two samples per batch, on a 100% dry matter basis. ‡ pH determined using 15 g wet sample + 200 mL deionized water. Sample was stirred and allowed to stabilize for 5 min. § Total C determined by dry combustion (Nelson and Sommers, 1996) on a Thermo Flash EA1112-NC elemental analyzer. ¶ Total N determined using a micro-Kjeldahl method, a modifi cation of the aluminum block digestion procedure (Gallaher et al., 1975) followed by semiautomated colorimetric determination (Hambleton, 1977) . # Organic N calculated as: Total N -(NH 4 -N + NO 3 -N). † †Minerals were determined by ashing samples and digesting using 6 M HCl. Analyzed using ICP spectrometer. ‡ ‡ NH 4 -N and NO 3 -N determined by shaking 2.5 g of biosolids with 25 ml of 1 M KCl for 1 h and analyzing concentrations with a Rapid Flow Analyzer (RFA, method A303-S020, Alpkem Inc., Clackamas, OR). § § Water-extractable P (WEP) determined using a 1:200 ratio with DDI water (Kuo, 1996) . (Hambleton, 1977) . Crop N and P removal were calculated for each harvest as the product of tissue N and P concentration and DM yield of that harvest, and summed across the two harvests per year to determine the annual total.
Soil samples for C and P were taken before treatments were applied in 2007 and at the end of the 2007 and 2008 growing seasons. Samples were collected from the Ap horizon which was consistently 15 to 20 cm deep. Two samples per plot were collected, air dried, crushed, and passed separately through a 2-mm sieve. Plant roots and solid particles that did not pass the sieve aft er crushing were discarded. For laboratory analysis, one sample per plot was obtained by compositing the corresponding two samples per plot on an equal volume basis. Th e soil samples were analyzed for WEP, total P, Mehlich-1 P, and total soil C. Water extractable P was determined by adding 20 mL of distilled/deionized water to 2 g of air-dried soil, following the procedure described by Kuo (1996) . For total P determination, 0.3 g of air-dried soil was ashed and digested according to Anderson (1976) . Water-extractable P and total P concentrations were determined using the ascorbic acid method by Murphy and Riley (1962) . Mehlich-1 P concentrations were determined according to Mylavarapu (2009) . Total soil C was determined by dry combustion (Nelson and Sommers, 1996) on a Th ermo Flash EA1112-NC elemental analyzer.
Statistical Analysis
Data were analyzed using mixed-model methods (SAS Institute, 1996) . Analysis was performed by grass entry for reasons described earlier. In all models, year and % MBS were considered fi xed eff ects. Blocks were considered random eff ects. When there was % MBS × year interaction, data were analyzed by year. Polynomial contrasts (linear, quadratic, and cubic) were used to determine the nature of responses to % MBS. For analysis of soil data, soil P and C concentrations before treatments were applied were tested as covariates, but the covariates were not signifi cant and were removed from the model. All means reported in the text are least squares means. Treatments were considered diff erent if P ≤ 0.05.
RESULTS AND DISCUSSION
Dry Matter Yield
Th ere was no % MBS × year interaction for DM yield of either entry. Dry matter yield of elephantgrass decreased linearly as % MBS increased for both entries (Table 2) . Th e decrease in yield from 0 to 100% MBS was 7.4 Mg ha -1 for Chinese Cross but only 4.1 Mg ha -1 for Merkeron. In addition, the 33% MBS treatment of Merkeron performed quite well relative to 0% MBS, but for Chinese Cross the largest decrease in yield between levels occurred from the 0 to 33% MBS treatments. Elephantgrass DM yields were similar to the two harvests per year treatment yields reported by Woodard and Prine (1991) and less than those of a single harvest per year reported by the same authors. Fift y percent of total annual DM yield accrued in each harvest for Chinese Cross, but Harvest 1 and 2 contributed 46 and 54% of the total, respectively, for Merkeron.
Initial chemical characterization of the MBS showed that inorganic N forms (NH 4 -N and NO 3 -N) were ~20 g kg -1 of total N in the MBS (Table 1) ; therefore, mineralization of organic N was expected to have the greatest impact on crop yield. In a companion experiment, Castillo et al. (2010 ) (this issue) reported that total organic N mineralization from MBS averaged 387 and 371 g kg -1 of total N within ~5 mo of application of MBS in spring and summer, respectively. Using 370 g kg -1 as an estimate of total N mineralization from MBS during a growing season and considering N from NH 4 NO 3 to be 100% plant available, the plant available N (PAN) applied was 350, 277, 203, and 130 kg ha -1 for the 0, 33, 67, and 100% of N from MBS treatments, respectively ( Table 2) . Yields of MBS treatments were proportionally greater (relative to yield for the 0% MBS treatment) than PAN numbers might suggest, especially for higher % MBS treatments of Chinese Cross and across all treatments for Merkeron.
It is not clear if the combination of NH 4 NO 3 and MBS resulted in greater N mineralization from MBS in the fi eld study than for the MBS alone in the incubation study. Th is has been reported previously for NH 4 NO 3 and biosolids compost mixtures (Sikora and Enkiri, 2000) . In their study, blends of 50% NH 4 NO 3 and 50% biosolids compost or 67% NH 4 NO 3 and 33% biosolids compost produced greater yields and N uptake by tall fescue (Lolium arundinaceum Schreb.) than predicted from incubation studies of compost alone. Th e authors used 15 N to show that NH 4 NO 3 fertilizer stimulated compost N mineralization. Th ey concluded that compost N can replace one-third of the fertilizer N required by fescue without decreasing yield (Sikora and Enkiri, 1999) .
Tissue Nitrogen and Phosphorus Concentration
Th ere was % MBS × year interaction for Merkeron tissue N concentration; for Chinese Cross there was a year eff ect but no interaction or eff ect of % MBS. Tissue N concentration was greater in 2007 than 2008 for Chinese Cross (8.6 vs. 7.0 g kg -1 , respectively) and for three of four levels of % MBS for Merkeron (average of 8.7 vs. 7.5 g kg -1 , respectively). Greater N concentra of less mature elephantgrass herbage having greater N concentration (Gomide et al., 1969; Woodard and Prine, 1991; Schank and Chynoweth, 1993) . Interaction of % MBS × year for Merkeron occurred because tissue N concentration decreased linearly from 8.9 to 8.1 g N kg -1 DM as % MBS increased in 2007, but there was no eff ect of % MBS in 2008 (avg. of 7.7 g N kg -1 DM). Th ere was % MBS × year interaction for tissue P concentration of both entries (Table 3) . Eff ects were linear, quadratic, and cubic for Chinese Cross and linear and quadratic for Merkeron. Quadratic and cubic eff ects were signifi cant due to greater, or trends toward greater, herbage P concentration of the 0% MBS treatment relative to the 33% treatment. For the 0% MBS treatment, P was applied as triple superphosphate at 60 kg P ha -1 yr -1 , which is greater than the amount of P supplied by the 33% MBS treatment (average of 43 kg P ha -1 yr -1 ). Th e data were analyzed subsequently with the 0% MBS treatment removed from the dataset, and the response to the three levels of % MBS was linear. Th us, quadratic and cubic eff ects were likely due to the diff erent phytoavailability of P in the biosolids compared to triple superphosphate (O'Connor et al., 2004) and the greater rate of P in the 0% MBS treatment compared to the 33% MBS treatment. Phosphorus concentration in elephantgrass has been reported to range from 1 to 5 g kg -1 (Vicente-Chandler et al., 1959; Gomide et al., 1969 ). In the current study, the range was from 1.4 to 2.4 g kg -1 , with greatest concentrations occurring for treatments receiving the largest amounts of MBS and associated greatest amounts of P.
Nitrogen and Phosphorus Removal
Th ere was no % MBS × year interaction for N or P removal of either entry. Nitrogen removal decreased linearly with increasing % MBS for Chinese Cross, and for Merkeron there were linear and cubic eff ects, the latter occurring because N removal increased slightly for the 33% MBS treatment compared to 0% (Table 4) . Greater N removal in 2007 than 2008 refl ected the higher tissue N concentration in 2007, as discussed previously. Nitrogen removal by harvest as a percentage of total annual N removal was 54 and 46% in Harvests 1 and 2, respectively, for both Chinese Cross and Merkeron.
Phosphorus removal showed quadratic and cubic eff ects of % MBS for Chinese Cross, but there was no eff ect of % MBS for Merkeron (Table 4) . When data were analyzed without the 0% MBS treatment in the data set, P removal of Chinese Cross increased linearly with increasing % MBS, but there was no eff ect of % MBS for Merkeron. Phosphorus removal in harvested biomass was most similar to amount of P applied for the 33% MBS treatment. Phosphorus removal by harvest as a percentage of the total annual P removal was 50% in each harvest for Chinese Cross and 48 and 52% in Harvests 1 and 2, respectively, for Merkeron.
At an elephantgrass DM yield of 12.5 Mg ha -1 yr -1 , P removal was 30 kg P ha -1 yr -1 (Boonman, 1993) . Sanchez (1976) and de Geus (1973) indicated that 40 to 64 kg P ha -1 yr -1 may be removed in intensively zero-grazed grasses. Elephantgrass P removal as great as 136 kg ha -1 yr -1 was reported by Gomide et al. (1969) , but in that experiment fertilization was 900 and 340 kg ha -1 yr -1 of N and P, respectively, well beyond what can be considered practical from economic and environmental perspectives.
In our experiment there was no zero rate treatment of P or N to account for N or P uptake from an untreated soil and to allow calculation of a true percent recovery. Calculating apparent percent N removal as N removal divided by N applied, then the 0% MBS treatment (where all N was applied as NH 4 NO 3 ) resulted in the highest removal percentage (560 and 570 g N removed kg -1 N applied for Chinese Cross and Merkeron, Polynomial effects † L** L**C* Q**C* ns ‡ respectively). In the 100% MBS treatment, the apparent removal was 360 and 460 g N kg -1 for Chinese Cross and Merkeron, respectively. As noted earlier, the PAN concentration in MBS was approximately 370 g kg -1 of total N, thus a relatively large amount of N in MBS was not mineralized and made available for plant uptake (Castillo et al., 2010) . Th e experimental plots were located in a soil considered P defi cient based on an initial Mehlich-1 extractable concentration in topsoil (0 to 15 cm) of 10 mg P kg -1 . Considering only the total amount of P applied and removed by the treatments across the 2-yr period, apparent P removal decreased from 638 to 268 g P removed kg -1 P applied for the 33 to 100% MBS treatments in Chinese Cross, and from 890 to 330 g P removed kg -1 P applied, respectively, for Merkeron. Apparent P removal in the 0% MBS treatment, where all P was applied using triple superphosphate, was 717 and 690 g P removed kg -1 P applied in Chinese Cross and Merkeron, respectively. Again, caution is required when interpreting these calculations because this study was not specifi cally designed to evaluate percent recovery. Also, as reported by Ibrikci et al. (1999) , the source of plantavailable P and active uptake for tropical grasses growing in a Spodosol may be deeper in the profi le and not necessarily in the 0-to 15-cm horizon commonly sampled for soil tests.
Soil Phosphorus and Carbon Concentrations
Th ere was no % MBS × year interaction for any of the soil variables measured for either entry, so data are reported across years. Soil P and C concentrations followed the same response in Chinese Cross and Merkeron. Th ere was no eff ect of % MBS on WEP, Mehlich-1 P, total soil P, and total soil C concentration for Chinese Cross, and the only eff ect for Merkeron plots was on total soil C (Table 5) . Th e quadratic eff ect on soil C was due to greater total soil C concentration of the 0 compared to the 33 and 67% MBS treatments.
Th ere was a year main eff ect for total soil P for both cultivars. Averaged across the four % MBS treatments, total soil P was 114 and 135 mg kg -1 in 2007 and 2008 (P = 0.01, SE = 7.3), respectively, for Chinese Cross, and 93 and 132 mg kg -1 in 2007 and 2008 (P < 0.01, SE = 8.7), respectively, for Merkeron. Th is increase refl ects the additional P supplied by a second year of MBS application. Year eff ect for WEP was signifi cant for Chinese Cross and there was a strong tendency for Merkeron (P = 0.06). Water-extractable P averaged 2.6 and 1.6 mg kg -1 in 2007 and 2008 (P = 0.04, SE = 0.4), respectively, for Chinese Cross, and 2.0 and 0.94 mg kg -1 in 2007 and 2008 (P = 0.06, SE = 0.5), respectively, for Merkeron. When the data were analyzed without the 0% MBS treatment, there was a trend toward increased WEP as percent MBS increased (P = 0.132) in Chinese Cross. Also, total soil C in Merkeron showed a tendency to increase as percent MBS increased (P = 0.158). Total soil P, Mehlich-1 P, and total soil C did not show any trends when the 0% MBS treatment was not included in the analysis.
Results suggest a gradual accumulation of total P in the Ap soil horizon when comparing 2008 vs. 2007, but there was not even a trend evident among % MBS treatments. Given that the 100% MBS treatment supplied approximately three times more P than the 33% MBS treatment, lack of response is probably due to soil variability and to the size of the total P pool. Th ere was no trend in soil C between the fi rst and second year of MBS application for either cultivar. Th is is not surprising considering that the experiment was conducted during only 2 yr, the area had been planted to a perennial grass for more than 15 yr, and for many of those years the plots were harvested only once per year aft er a freeze (residue was chopped and removed from the site).
SUMMARY AND CONCLUSIONS
Th e amount of PAN applied accounted for some of the difference in elephantgrass yield, but as percentage of N supplied by MBS increased, yield decreased proportionally less than did amount of PAN applied. Th is suggests that N mineralized from MBS may have been underestimated in a companion incubation study (Castillo et al., 2010) or that mixing NH 4 NO 3 with MBS, as was done in the current fi eld study, increased N mineralization from MBS above that observed when MBS was incubated alone. Th e latter response has been reported previously (Sikora and Enkiri, 2000) . Because organic N mineralization of MBS can be aff ected by a number of dynamic and site-specifi c factors, a continuing challenge is to correlate organic N mineralization measured in incubation studies with plant responses.
Results suggest a gradual accumulation of total P in the Ap soil horizon (0-15 cm) across treatments when comparing 2008 vs. 2007, but no diff erences were detected among % MBS treatments. Given that the 100% MBS treatment supplied approximately three times more P than the 33% MBS treatment, lack of Table 5 . Soil P and C concentrations in the Ap horizon (0-15 cm) after addition of municipal biosolids (MBS) and ammonium nitrate in differing proportions (described in terms of percentage of N supplied by MBS), to supply a total of 350 kg N ha -1 yr - response was probably due to natural soil variability, the relative size of the total soil P pool, and the duration of the experiment. Th e 33% MBS treatment most closely matched amount of P removed in harvested biomass with P applied from MBS.
In conclusion, although replacing N from inorganic fertilizer with N from MBS reduced biomass production of elephantgrass, yield reduction averaged 0 to 21 and 12 to 24%, respectively, when 33 and 67% of inorganic fertilizer N was replaced. If long-term negative environmental consequences can be avoided, especially P-related consequences, there appears to be signifi cant potential for using MBS as part of a fertilization program for bioenergy crop production.
